In order to achieve durable concrete structures, concrete code provisions typically require a minimum cement content, a maximum water cement ratio, and a minimum strength class. These 'deemed-to-satisfy' rules are mainly based on long-term practical experience. However, as there is a clear trend to use new binder types, considering alternative cement replacing and environment-friendly powders, this prescriptive approach can be criticized. Classical definitions such as cement content and water cement ratio are open to heavy debate in case of the alternative binder systems. Furthermore, the relation between durability performance of concrete based on new binder systems and the prescriptive parameters (cement content, water cement ratio, strength) is not without criticism either. The equivalent concrete performance concept (ECPC) offers a first step to a more soundly based evaluation of durability requirements for new binder types. Nevertheless, ECPC also has its limitations, as it is based on comparative testing still considering a deemed-to-satisfy reference concrete. A more fundamental solution can be based on absolute durability performance for the concrete to be applied in a structure. This performance can be checked in laboratory conditions (potential performance) as well as on the completed structure (as-built performance). In this study, some preliminary research results are reported in view of defining absolute durability criteria for a sea lock to be constructed.
Introduction
After the introduction of concrete as a construction material, there has been a strong historical belief that concrete structures were built to last without any further maintenance or repair. Further experience, however, has shown that reality unfortunately is different. A multitude of degradation mechanisms can severely reduce the service life of concrete structures: steel reinforcement can corrode, cement matrix can be attacked, and even aggregates can show detrimental processes. [1] The best and most economical option to reach a target service life is to carefully design the structure duly considering the effect of relevant aggressive actions. An important element within this approach of 'good practice' is to design a durable concrete composition. A durable concrete structure starts with a durable concrete for the considered application. Some traditional parameters are generally considered to be important for the durability of concrete: the water/cement ratio, the cement type and content, and concrete strength. These parameters will be commented further on in this study. Often neglected is the influence of the maximum particle size on the required cement content within a mix. The application of reactive or nonreactive additions (puzzolan and inert fillers) and the degree to which these powders can be considered as cement replacing materials is an important point of discussion in daily practice. Casting and curing operations are also important with respect to the final durability properties of the completed structure. As a general point of attention, it should be realized that the concrete cover is crucial to some durability properties of concrete structures. [1] Code prescriptions: deemed to satisfy
Concrete standards, such as the European Standard EN 206, cannot be considered as scientific reports or text books. The fundamental materials science, explaining the overall behavior of the concrete, is translated to rather practical measures which can be followed easily in practice. This is of course in line with the general purpose of a standard, giving guidance to daily practice. Standards are providing generally accepted rules, typically based on long-lasting practical experience. This strength of the standards is at the same time also a weakness, as standards do not always cope with scientific progress in a good way. The current evolution in the design of multiple binder systems, consisting of three or more powder types, is a real challenge for actual standards.
The water/cement ratio, cement content, and compressive strength have been considered as important durability parameters already for a long time. It is not surprising that current code provisions related to durability of concrete are typically based on these parameters. The durability requirements in the European concrete standard EN 206 'Concrete: Specification, performance, production and conformity' are based on the definition of exposure classes, designated with a capital letter X, followed by another letter depending on the specific degradation mechanism to be considered: C for carbonation, D for deicing salts, S for sea water, F for frost, and A for chemically aggressive environment. The letter combination is completed by a number, referring to specific humidity conditions. Depending on the environment, several degradation mechanisms can occur in parallel. Therefore, it is necessary to select all relevant exposure classes for the considered application. Finally, the concrete composition will have to be designed considering the most severe requirements linked to the selected exposure classes.
The durability requirements are expressed in terms of a maximum allowable water/cement ratio, a minimum needed cement content, and a minimum needed compressive strength class of the concrete. These limiting values are mainly based on practical experience and do not directly result from clearly documented scientific considerations and calculations. The EN 206 durability code provisions in terms of water/cement ratio, cement content, and strength can be different in the different European member states. The code provisions valid in the 'place of use' should be followed when producing concrete elements in Europe.
Other international standards, such as the North American Standard ACI 318:2008, the Canadian Standard CSA A23.1:2004, the Australian Standard AS 3600:2001, and the Indian Standard IS 456-2000, are based on a similar approach. Exposure classes are typically defined referring to the anticipated severity of the environment of the concrete element. The exposure classes are often subdivided, e.g. depending on humidity conditions. After proper selection of the relevant exposure (sub)class, limiting values are obtained for water/cement ratio and compressive strength in the North American, Canadian, and Australian standards, while a minimum cement content is also required in the European standard. Additional requirements might be added in some cases, such as sulfate resistance of the applicable cement type. A comprehensive overview is given in [2] .
Criticism on current code provisions
While current code provisions have the advantage of being practical, the 'deemed to satisfy' approach based on the technological parameters cement content, water/ cement ratio, and compressive strength is being criticized by recent scientific results. The concrete compressive strength does not show to be a satisfying parameter to guarantee durable behavior. [3] The required minimum cement content is also a doubtful criterion, as illustrated in recent research by Wasserman [4] . And on top of that, even the water/cement ratio, which is often considered to be the most important practical durability parameter, should be applied with caution due to the limitations on its interpretation. [5] In case of Portland cement and water, the definition of water/cement ratio is quite clear and not questioned. In this case, there is also a clear link between water/cement ratio and strength, as, e.g. illustrated by numerous strength laws. However, even in this apparently straightforward case, historic evolution of cement properties has led to an increased durability risk when only looking at concrete strength and/or cement content, as clearly shown by Neville [3] and De Schutter [6] .
Within the current trend of increasingly applying supplementary cementitious materials of various types, the definition of water/cement ratio is debatable and not clear. The European Standard EN 206 tries to overcome this difficulty by defining the k-value concept. The principles of this concept can also be found in [5] . The k-value concept seems to be working for easy cases with limited levels of replacement by a well-known reactive addition (such as fly ash). However, major discussions have been initiated in many countries about the applicable k-value and about the general validity of the k-value concept for more complex situations. As a consequence of the many difficulties involved in the k-value concept, in Europe, the defined k-values differ from member state to member state, as defined in the various national application documents related to EN 206.
The main concern is the fact that the k-value concept is principally based on concrete strength, which makes the link with durability behavior not always straightforward. By doing so, a k-value could even be obtained for inert additions which might influence strength in another way than by chemically producing hydration phases (e.g. physical nucleation effect of limestone filler on Portland hydration [7, 8] ). While limestone filler is accelerating the hydration of Portland clinker due to improved nucleation possibilities, it is not chemically active (except for a minor percentage which could be chemically active in the formation of monocarboaluminates). [7, 8] Due to its nucleating effect, limestone filler improves the strength development, which in a phenomenological way leads to an apparent reactivity resulting in a k-value as defined for limestone filler within some countries. Nevertheless, the improvement by limestone filler of the pore structure and the long-term durability performance is not always of the same degree as for the strength. [9] Alternative attempts have been made to correlate durability behavior of concrete with other 'easy to determine' parameters, such as water absorption by immersion. This is also implemented in the EN 206, as an optional additional requirement. Nevertheless, also the water absorption by immersion can be generally questioned as a governing durability parameter. [10] Equivalent concrete performance concept An interesting option to avoid problematic discussions about k-values is to check the equivalency of concrete performance, as described in the European Standard EN 206: the equivalent concrete performance concept permits amendments to the requirements in this standard for minimum cement content and maximum water/cement ratio when a combination of a specific addition and a specific cement is used, for which the manufacturing source and characteristics of each are clearly defined and documented.
Without further details, EN206 states that 'testing should show that the performance of the concrete containing the addition should be at least equivalent to that of the reference concrete'. This approach, experimentally, demonstrating the durability of a new concrete based on an alternative binder system in comparison with a generally accepted deemedto-satisfy concrete is called the equivalent concrete performance concept (ECPC). In Belgium, the experimental protocol in view of the application of the ECPC has been defined in the national standard NBN B15-100. The evaluation of the durability is based on comparative tests, comparing the nontraditional concrete composition with standard solutions accepted by EN 206. More details can be found in [11] . A case study is given in the sequel of this study.
Absolute durability performance
In current standards, workability is prescribed by requiring the real performance (e.g. a certain slump class) and by testing whether the produced concrete actually meets the specified requirement (e.g. by slump tests). A similar approach is followed for concrete strength, by specifying a strength class and verifying by testing (compressive cube or cylinder testing). Although mix design parameters such as water content and cement content are very relevant in order to reach the specified workability and strength performance, the codes are not specifying limiting mix design values in order to reach the required performance. A concrete technologist should be able to design the mix, supported by material laws and models, in view of the desired performance. Standardized tests should be performed in order to check whether the real performance is meeting the required performance. In principle, this approach could be followed for durability as well. Durability performance classes could be defined, e.g. for carbonation, chloride penetration, frost attack, and sulfate attack. Verification of the performance requirements could be done by accelerated testing in laboratory, and even by testing the real concrete on site.
Although the principles of absolute durability performance requirements are simple and straightforward, a serious bottleneck is the lack of generally accepted and reliable accelerated durability test methods of which the obtained results can be linked to performance in real conditions. Nevertheless, accelerated durability tests do exist and are applied already within the ECPC as defined in the European Standard EN 206, and detailed, e.g. in the Belgian Standard NBN B15-100 as mentioned before. Within ECPC, the performance as measured by the accelerated durability tests is compared with the performance of generally accepted reference concretes (complying with the prescriptive durability tables in the EN 206). In this way, it is not difficult to define absolute performance criteria to be met in the accelerated laboratory tests. This will be illustrated hereafter for a specific case study.
Besides accelerated durability tests in laboratory, nondestructive performance tests on the real concrete in the completed structure can also be considered. In this way, the concept of durability indicators [12, 13] can go along with the new concept of absolute durability performance testing in laboratory, based on correlation studies and materials science. The monitoring of the real concrete by some durability indicators can be very helpful both for owner and for contractor, in view of achieving a final structure with a certified durability performance. Durability indicators, however, will not be further discussed in this study.
Case study: sea lock
For the construction of massive reinforced concrete walls of a new sea lock, the applicable concrete needs to be defined in the document with technical requirements. Up to now, this is typically done by mentioning prescriptive requirements, limiting the concrete strength (a minimum strength class is prescribed), the cement content (a minimum value is prescribed), and the water cement ratio (a maximum value is prescribed). Furthermore, some requirements are typically defined concerning the heat of hydration (in order to avoid early age thermal cracking), alkali silica reaction, initial chloride content, etc.
For the marine environment, different exposure classes need to be considered as defined by the European Standard EN 206: XC4 (corrosion induced by carbonation; cyclic wet and dry), XS3 (corrosion induced by chlorides from sea water; tidal, splash, and spray zones), XF4 (freeze/thaw attack with or without deicing salts; high water saturation, with deicing agents or sea water), and XA1 (chemical attack; slightly aggressive chemical environment). According to the Belgian national application document (NBN B15-001), this leads to the requirement of a concrete with a minimum cement content of 340 kg/m 3 and a maximum water cement ratio of 0.45.
Generally accepted cement types include (among others) Portland cement CEM I 52.5 N HSR LA, blast furnace slag cement CEM III/B 42.5 N -LH/SR LA, and blast furnace slag cement CEM III/C 32.5 N SR LA. These cement types will be considered in this study as reference cements in view of the application of the ECPC. An alternative mixture based on a combination of blast furnace slag cement CEM III/B 42.5 N -LH/SR LA and limestone filler will be tested for equivalence, according to the testing protocol defined in the Belgian ECPC Standard NBN B15-100, as an illustrative test case. This includes accelerated testing of carbonation, chloride migration, frost resistance, and resistance to sea water. The chemical composition of the cements is given in Table 1 .
Natural aggregates (river sand 0/4 and limestone aggregates 2/6, 6/20, and 20/ 31.5) are applied, resulting in a skeleton in accordance with the requirements mentioned in the standard NBN EN 480-1 and addendum A1. The slump of the fresh concrete is required to fall between 180 and 220 mm. A sulfonated naphthalene formaldehyde superplasticizer is applied. The compositions of the three reference concretes (accepted solutions according to the technical prescriptions) and of the alternative concrete (for which the equivalent performance needs to be shown) are given in Table 2 . The average compressive strength, measured on cubes 150 mm, at 28 and 56 days is also mentioned in Table 2 .
As an example, the equivalent durability performance verification will be illustrated here for the case of chloride migration. The chloride migration is tested in laboratory conditions by means of the Nordtest method NT Build 492, on cylindrical specimen with diameter 100 mm and height 50 mm. The specimens are exposed to an electrical field along their height. At the bottom face, the specimens are in contact with a sodium chloride solution (100 g NaCl in 900 g water). The top face of the specimens is in contact with a sodium hydroxide solution (12 g NaOH in 1 L deionized water). For each batch, three cylindrical samples are tested. For the reference mixtures, tests have been performed on five different batches, while for the alternative mixture, tests have been performed on three different batches. Figure 1 shows the overall range of experimentally obtained values for the chloride migration coefficients for the concretes based on the different cement types. The conformity testing of the alternative mixture is performed on a statistical basis. First, the acceptance criteria given in the addendum to NBN B15-100 will be applied (see further). These criteria are similar to the Dutch document 'CUR Aanbeveling 48' (2010). Afterward, some modifications to the test protocol will be proposed, enabling to take into account a different number of test results for the reference mixture and for the alternative mixture. Finally, some absolute durability performance criteria will be defined in an illustrative way.
Acceptance testing according to the addendum to NBN B15-100
The conformity criteria mentioned in the addendum of NBN B15-100 are based on the same number of tests for the reference mixture and for the alternative mixture. The alternative mixture is accepted (or its behavior is equivalent to the behavior of the reference mixture) when the test variable T i is larger than the limit value k n given in the standard, or which can be calculated as k n = t 2n−2;0.90 (90th percentile of t-distribution with 2n − 2 degrees of freedom, n being the number of test results). The test variable T i is calculated according to Equations (1) and (2) .
where d is a value depending on the durability aspect considered, e.g. 30 for the case of chloride migration, specifying the percentage of deviation for which a probability of detection of 90% is required. For this case, the acceptance testing is based on the chloride migration coefficient (results given hereafter in 10 −12 m 2 /s). As already mentioned, the compliance criteria are based on an equal number of tests for reference and alternative mixture. As in this experimental program, the tests have been repeated five times on the reference mixture, and three times on the alternative mixture, the statistical compliance testing is repeated several times, each time considering three test results for the reference (selected out of five), and the three test results for the alternative mixture. In total, this leads to 10 different compliance tests (10 ways of selecting three results out of five results for the reference mixture). It is clarified that each test results is always the average of three test specimens. (1) and (2), the conclusions as summarized in Table 4 are obtained. The results of this compliance testing show that the chloride migration behavior of the alternative mixture is at least equivalent to (or even better than) the chloride migration behavior of the reference mixture based on Portland cement CEM I 52.5, in spite of the lower cement content and lower strength of the alternative mixture. On the other hand, the behavior of the alternative mixture is not equivalent to the behavior of the blast furnace slag cement-based references. These results can be easily understood considering the better performance of slag cement concrete concerning chloride transport in comparison with Portland cement concrete.
Acceptance testing according to the addendum to NBN B15-100, but extended to unequal number of tests for reference and alternative mixture, n r ≠ n t
The conformity criteria given before are based on an equal number of test results for reference and alternative mixture. If this condition is not fulfilled (as is the case in our test program, having five test results for the reference mixture and three test results for the alternative mixture), the conformity criteria can be extended as follows, for n r ≠ n t : 
The limiting value for T i can be calculated by t n r þn t À2;0:90 or can be obtained by selecting the previously mentioned k n value for n = (n r + n t )/2.
Following the Equations (3) and (4) (3) and (4), the conclusions as summarized in Table 6 are obtained.
Again, the results of the compliance testing show that the chloride migration behavior of the alternative mixture is at least equivalent to (or even better than) the chloride migration behavior of the reference mixture based on Portland cement CEM I 52.5, but is not equivalent to the chloride migration behavior of the slag cement reference concretes.
Toward absolute durability performance criteria for chloride migration
The obtained values for the parameters A and B in Equation (9), based on the chloride migration test results mentioned before, are given in Table 7 , for different numbers of alternative test results (n t = 3-5). Based on these values, absolute durability performance criteria can be defined, without the need to perform reference durability tests. The results of the absolute durability acceptance tests according to Equation (9) are given in Table 8 (for n t = 3). The obtained results are in agreement with the results of previous statistical tests.
Discussion
The definition of absolute durability performance criteria can be done on a statistical basis, as illustrated before for the case of chloride migration. However, in spite of the clear statistical principles, the challenging task which remains is to define the reference performance levels aimed for. Will we require a chloride penetration resistance comparable to the behavior of blast furnace slag concrete (which is at a very good level), or are we satisfied with a chloride penetration behavior as noticed for Portland cement concrete? Furthermore, the concrete will also need to comply with absolute durability criteria for carbonation, for which the Portland cement concrete will now mark the better behavior, while the blast furnace slag concrete would lead to less satisfying carbonation behavior. For the combined effect of chloride penetration and carbonation, will we require the best performance for both degradation mechanisms (which would be unfair in comparison with currently accepted practice), or will we accept the lower limit for both (which would lead to a lower overall durability performance than currently accepted)? The durability of a marine structure such as a sea lock will be primarily dependent on chloride-induced corrosion with carbonation being a much less likely mechanism causing corrosion of embedded steel reinforcement. However, other damage mechanisms also have to be considered, such as frost resistance and sulfate attack. A more holistic debate, considering test results for all relevant damage mechanisms, will have to be concluded before the absolute durability requirements can be defined in the technical prescriptions for the construction of the sea lock. Nevertheless, the concept of absolute durability criteria is available, as illustrated, and can gradually be brought into practice in the near future.
Conclusions
In current concrete standards, deemedto-satisfy durability rules are typically defined, requiring a minimum cement content, a maximum water cement ratio, and a minimum strength class. In view of a more intensive application of alternative binders, consisting of a combination of powders with possible synergistic effects, this deemed-to-satisfy approach can be criticized. The ECPC, as defined in the European Standard EN 206, offers a first alternative approach for acceptance testing of alternative binders. However, a more fundamental approach is to define absolute durability performance levels, in analogy to absolute strength performance (strength classes) and absolute workability performance (consistency classes).
Based on a reference test program for durability behavior of concrete for a sea lock, and based on statistical interpretation, absolute durability performance criteria can be defined. In this way, alternative concrete compositions can be tested without any further need to repeat durability tests on reference concrete as is the case within the ECPC. The definition of absolute durability performance criteria can be done on a statistical basis, as illustrated in this study for the case of chloride migration. However, in spite of the clear statistical principles, the challenging task which remains is to define the reference performance aimed for. Nevertheless, the concept of absolute durability criteria is available, as illustrated, and can be gradually brought into practice in the near future.
